Background/Aims: The role of tissue vitamin-A insufficiency on post-infarction ventricular remodeling is unknown. We tested the hypothesis that cardiac vitamin A insufficiency on post-infarction is associated with adverse myocardial remodeling. Methods: After infarction, rats were allocated into two groups: C (controls, n=25); VA (dietary vitamin A restriction, n= 26). After 3 months, the animals were submitted to echocardiogram, morphometric and biochemical analysis. Results: Rats fed the vitamin-A-deficient diet had lower heart and liver retinol concentration and normal plasma retinol. There were no differences in infarct size between the groups. VA showed higher diastolic left ventricular area normalised by body weight (C= 1.81 ± 0.4 cm2/kg, VA= 2.15 ± 0.3 cm2/ kg; p=0.03), left ventricular diameter (C= 9.4 ± 1.4 mm, VA= 10.5 ± 1.2 mm; p=0.04), but similar systolic ventricular fractional area change (C= 33.0 ± 10.0 %, VA= 32.1 ± 8.7 %; p=0.82). VA showed decreased isovolumetric relaxation time normalised by heart rate (C= 68.8 ± 11.4 ms, VA= 56.3 ± 16.8 ms; p=0.04). VA showed higher interstitial collagen fraction (C= 2.8 ± 0.9 %, VA= 3.7 ± 1.1 %; p=0.05). There were no differences in myosin heavy chain expression, metalloproteinase 2 and 9 activation, or IFN-γ and TNF-α cardiac levels. Conclusion: Local tissue vitamin A insufficiency intensified ventricular remodeling after MI, worsening diastolic dysfunction.
Introduction
Soon after myocardial infarction (MI), left ventricular enlargement can occur as a result of infarct expansion, which increases the surface of the infarcted area by stretching and thinning of the damaged region. This regional alteration in cavity size produces left-ventricularchamber enlargement, thus increasing wall stress on the remaining normal regions. This, in turn, stimulates expression of altered contractile proteins, myocyte hypertrophy, metalloproteinase activation, and myocardial fibrosis. This overall process -which can be detected by alterations in ventricular function, size, composition, and mass -is known as ventricular remodeling [1] [2] [3] . Ventricular remodeling is associated with cardiac rupture, ventricular aneurysm, increased risk for progressive ventricular dysfunction, and cardiovascular death after MI. Therefore, several strategies have been used to attenuate the remodeling process [4] [5] [6] [7] [8] . On the other hand, strategies that increase ventricular remodeling should be avoided.
Vitamin A is a dietary compound that modulates cardiac structure and function throughout life. In recent years, vitamin A supplementation was recognised as an effective means to prevent ventricular remodeling. Indeed, experimental studies suggested that retinoic acid (RA), a derivative of vitamin A, suppresses morphological, functional, and gene expression alterations induced by several cardiac injuries [9] [10] [11] [12] [13] . In addition, a previous study showed that retinoic acid supplementation attenuated ventricular remodeling after MI [14] .
Considering vitamin A deficiency, in the embryonic period, vitamin A deficit is associated with several cardiac malformations [15] . On the other hand, the cardiac consequences of post-embryonic vitamin A deficiency are less clear. A recent study demonstrated that an adequate concentration of plasma vitamin A alone can be insufficient to maintain tissue vitamin levels under circumstances in which vitamin A intake is low [16] . Additionally, our group demonstrated that tissue vitamin A insufficiency stimulated cardiac remodeling and ventricular dysfunction in adult normal rats [17] . However, both the morphological and functional consequences of this phenomenon following a coronary occlusion are unknown. Thus, to address this issue, the present study aimed to test the hypothesis that a cardiac vitamin A insufficiency would aggravate the ventricular remodeling after MI in the adult rat model.
Materials and Methods

Groups and Treatment
All experiments and procedures were performed in concordance with the National Institute of Health's Guide for the Care and Use of Laboratory Animals and were approved by the Animal Ethics Committee of our Institution.
Our protocol was adapted from Gardner and Ross [18] . Considering that tissue vitamin A concentration is high in normal situation, this protocol reduces the transfer of vitamin A in milk to the nursling pups and shortens the onset of local vitamin A deficiency. Male Wistar rats were utilised. Control animals were born from dams fed an AIN-93 diet sufficient in vitamin A (4 retinol equivalent (RE)/g diet) during pregnancy and lactation. Post weaning, the animals were fed the same diet. Dietary vitamin A-deficient rats were born to dams fed an AIN-93 vitamin A-free diet during pregnancy and lactation. After weaning, rats were fed AIN-93 containing 0.18 RE /g diet. After birth, 24 pups from each group were sacrificed. Liver and heart samples were collected and total vitamin A was determined in 3 pooled samples (n= 6 neonates/treatment in each pool). When the animals achieved a weight of 200-250g, at the time of MI, liver and heart total vitamin A, and plasma retinol were measured again in each group. Additional rats were submitted to MI. After 24 hours of MI, two groups were constituted: 1) Control (C, n=25) animals, fed an AIN-93 diet sufficient in vitamin A (4 retinol equivalent (RE)/g diet) before and after surgery; 2) Dietary vitamin A-deficient animals (VA, n=26), fed AIN-93 containing 0.18 RE /g diet before and after surgery. The C and VA groups were constituted after 24 hours given that within the first 24 hours, bleeding, pneumothorax, and anaesthetic effects can occur and are not related to infarct size or different treatments. Food and water were supplied ad libitum. The planned observation period was 90 days, when morphological, biochemical and functional analyses were performed.
Coronary artery ligation
When the animals achieved 200-250 g body weight, myocardial infarction was produced as previously described [19] . In brief, the rats were anesthetized with ether, and after a left thoracotomy, the heart was exteriorised. The left atrium was retracted to facilitate ligation of the left coronary artery with 5-0 mononylon between the pulmonary outflow tract and the left atrium. The heart was then replaced in the thorax, the lungs inflated by positive pressure, as the thoracotomy was closed. The rats were housed in a temperature controlled room (24ºC) with a 12-hour light:dark cycle.
Echocardiographic Study
After 3 months, all animals were weighed and evaluated by a transthoracic echocardiographic exam. The exams were performed using a commercially available echocardiographic machine (Philips model TDI 5500) equipped with a 12 MHz phased array transducer. Imaging was performed with a 60º sector angle and a 3 cm imaging depth. Rats were lightly anaesthetised by intramuscular injection with a mixture of ketamine (50mg/kg) and xylazine (1mg/kg). After the chest was shaved, rats were placed in left lateral position. Two-dimensional targeted M-mode echocardiograms were obtained from shortaxis views of the left ventricle (LV) at or just below the tip of the mitral-valve leaflets, and at the level of the aortic valve and left atrium. M-mode images of LV, left atrium, and aorta were recorded. All measurements were obtained by the same observer, according to the leading-edge method recommended by the American Society of Echocardiography/ European Association of Echocardiography [20] . Measurements represented the mean of at least five consecutive cardiac cycles. LV end-diastolic dimension (LVEDD) and posterior wall thickness (LVWT) were measured at maximal diastolic dimension, whereas the end-systolic dimension (LVSD) was taken at maximal anterior motion of the posterior wall. The left atrium was measured at its maximal diameter and the aorta at end of diastole. After that, end-systolic and end-diastolic endocardial borders were traced in both short-axis and longaxis views. The end-systolic and end-diastolic cavity areas were calculated as the sum of the areas from both the shortand long-axis views in diastole (SumD) and systole (SumS), respectively. Fractional area change (FAC) was calculated from the composite cavity areas as: FAC = (SumD-SumS)/SumD [21] . The velocities of transmitral diastolic flow (E and A velocities) were obtained from the apical four-chamber view. The E/A ratio, the isovolumetric relaxation time, and the isovolumetric relaxation time normalised by heart rate (TRIV/RR0,5) were used as indices of LV diastolic function.
Morphometric analysis
At the completion of the functional study, the right and left ventricles (including the interventricular septum) were dissected, separated, and weighed.
The morphometric analysis of the myocardium was performed as previously described [22] . Transverse 3 mm-thick sections of LV were fixed in 10% buffered formalin and embedded in paraffin. Five-micron-thick sections were stained with hematoxylin-eosin and with the collagen-specific stain picrosirius red (Sirius red F3BA in aqueous saturated picric acid). Myocyte cross sectional area (CSA) was determined for at least 100 myocytes per slide stained with hematoxylin-eosin. The measurements were performed using a Leica microscope (lens magnification 400X) attached to a video camera and connected to a personal computer equipped with image analyser software (Image-Pro Plus 3.0, Media Cybernetics, Silver Spring, MD). CSA was measured with a digitising pad, and the selected cells were transversely cut with the nucleus clearly identified in the centre of the myocyte. Interstitial collagen volume fraction (IC) was determined for the entire picrosirius red stained cardiac section using an automated image analyser (Image-Pro Plus 3.0, Media Cybernetics). The components of the cardiac tissue were identified according to the colour level: red for collagen fibres, yellow for myocytes, and white for interstitial space. The digitised profiles were sent to a computer that calculated collagen volume fraction as the sum of all connective tissue areas divided by the sum of all connective tissue and myocyte areas. An average of 35 microscopic fields were analysed with a 40X lens. Perivascular collagen was excluded from this analysis. The lengths of the infarcted and viable muscle for both the endocardial and epicardial circumferences were determined by planimetry. Infarct size was calculated by dividing the endocardial and epicardial circumferences of the infarcted area by total epicardial and endocardial ventricular circumferences. Measurements were performed on midventricular slices (5-6 mm from the apex), under the assumption that the left midventricular slice showed a close linear relation with the sum of the area measurements from all heart slices [23, 24] .
Vitamin A analysis Serum retinol was extracted by using a modified version of the extraction method reported by Tang et al. [25] Total vitamin A in cardiac and liver tissue was also assayed by an HPLC system after saponification [26, 27] . In the pups, liver and heart total vitamin A were determined in 3 pooled samples after saponification, extraction, and reverse-phase HPLC.
Myosin isoform distribution
Electrophoretic separation of myosin heavy chain (MHC) isoforms α and β were determined as previously reported by Vescovo et al. [28] [29] [30] . Electrophoresis conditions: The upper buffer reservoir had 600 ml of 0.05 M Tris-base, 0.384M glycine, 0.2% (w/v) SDS, and 546 µl 2-mercaptoethanol. The lower buffer chamber had 4 L of the same buffer without 2-mercaptoethanol. Gels were run using 4-16 mA constant current for 36h with constant cooling to 20°C using a circulating water bath. After the electrophoresis was complete, the gels were stained using Coomassie blue R-250. MHC isoforms were identified by molecular mass, and their relative percentages were quantified by densitometry. α and β-MHC isoforms were separated according to relative mobility in relation to rat soleus muscle used as standard control.
Metalloproteinase-2 and -9 activity
The metalloproteinase (MMP)-2 and -9 activity was determined as reported by Tyagi et al. [31] . In brief, samples for analysis were prepared by dilution in extraction sample buffer consisting of 50mM Tris, pH 7.4; 0.2 M NaCl; 0.1% Triton X and 10 mM CaCl2. Then they were diluted in application sample buffer consisting of 0.5 M Tris, pH 6.8; 100% glycerol, and 0.05% bromophenol blue. The samples were loaded into the wells of 8% SDS-polyacrylamide containing 1% gelatin. Electrophoresis carried out in a Bio-Rad apparatus at 80V for 2 hours, when bromophenol blue reaches the bottom of the gel. The gel was removed and washed 2 times with 2.5% Triton-X-100 and then washed with 50mM Tris pH 8.4. The gel was then incubated at 37o C overnight in activation solution consisting of 50 mM Tris pH 8.4; 5 mM CaCl2 and Zn Cl2. The staining was performed for 2 hours with 0.5% comassie blue and destaining in 30% methanol and 10% acetic acid until clear bands over a dark background were observed. Staining and destaining were performed at room temperature on a rotatory shaker. The gels were photographed and the intensity of gelatinolytic action (clear bands) analyzed in UVP,UV, White Darkhon image analyzer.
Evaluation of cytokine production
Briefly 60 mg of cardiac tissue samples were homogenised and solubilised in 50 mM potassium phosphate buffer, pH 7.4; 0.3 M sucrose; 0.5 mM DTT; 1mM EDTA, pH 8.0; 0.3 mM PMSF; 10 mM NaF, and 1:100 protease inhibitor. Cytokine levels in cardiac homogenate were evaluated by ELISA according to manufacturer instructions (R & D Systems, Minneapolis, MN, USA). Sensitivity of ELISA for IFN-γ and TNF-α were 19 and 31 pg/mL respectively.
Statistical analysis
Comparisons between groups were made by Student's t test for parameters with normal distribution. Otherwise, comparisons between groups were made using the MannWhitney U test. Data were expressed as mean ± SD or medians (including the lower quartile and upper quartile). χ2 test was used to compare categorical variables. Data analysis was carried Table 1 summarises vitamin A status in plasma, liver and heart after birth and at the moment of MI. Both groups had normal liver and heart retinol values at birth. At the time of experimental MI, the rats fed vitamin A-deficient diet had lower heart and liver retinol concentrations even with normal plasma retinol concentrations. In addition, at the time of MI, VA rats showed reduced retinoic acid concentration in the heart (C = 0.193 ± 0.054 µmol/kg of tissue and VA =0.063 ± 0.019 µmol/kg of tissue, P = 0.004).
Results
There was no difference in the body weight (BW) at infarction moment (C=210 (190 -227) g, VA=220 (206 -230) g; p=0.28) or in infarct size (C=36.9 ± 9.6 %, VA=36.3 ± 8.9 %; p=0.88) between the two groups. Mortality during the 3-month period after infarction did not differ between the groups (C=48%, VA=50%; p=0.89). Table 2 summarises echocardiographic data. The VA group showed higher aorta diameter (C=3.4 (3.1-3.6) mm, VA=3.5 (3.4-3.9) mm; p=0.04), left ventricle diastolic LVWT: LV posterior wall thickness; LVMI: mass index; HR: heart rate; E: peak velocity of early ventricular filling; A: peak velocity of transmitral flow during atrial contraction; TRIV/RR0,5 : isovolumetric relaxation time normalised by heart rate; DASA/BW : diastolic area in short axis/body weight; SASA/BW: systolic area in short axis/body weight; DALA/BW: diastolic area in long axis/body weight; SALA/BW: systolic area in long axis/body weight; FAC: fractional area change. Data are expressed as mean ± SD or medians (including the lower quartile and upper quartile). diameter (C=9.4 ± 1.4 mm, VA=10.5 ± 1.2 mm; p=0.04) and diastolic area in short axis /body weight (C=1.8 ± 0.4 cm2/kg, VA=2.1 ± 0.3 cm2/kg; p=0.03) than C group. Considering variables that represent diastolic function, VA group showed lower TRIV/RR0,5 than C group (C=68.8 ± 11.4 ms, VA=56.3 ± 16.8 ms; p=0.04). No differences were observed in the E/A ratio. Systolic function did not differ between the groups.
The morphometric data are shown in Table 3 . The groups did not differ in myocyte cross-sectional area, BW, LVW/BW or RVW/BW. On the other hand, VA group showed higher collagen percentage than C group (C=2.8 ± 0.9 %, VA=3.7 ± 1.1 %, p=0.05; Figure 1 ).
There was no difference in the relative amount of myosin heavy chain β (C=47.3 ± 6.6 %, VA= 46.6 ± 5. Considering the cytokine production, there were no differences in IFN-γ (C=321 ± 87 pg/ml, VA= 301 ± 54; p=0.69) and TNF-α (C=356 ± 107 pg/ml, VA= 336 ± 71 pg/ml; p=0.73) cardiac levels between the groups.
Discussion
The present study aimed to evaluate the effect of a tissue vitamin A insufficiency on post-infarction ventricular remodeling. The main finding of this study is that a vitamin A-deficient diet, even when serum retinol is within the normal range, may not provide enough retinol to the heart. Additionally, differences in heart retinol levels were associated with morphological and functional abnormalities. Indeed, tissue vitamin A insufficiency intensified ventricular remodeling after myocardial Vitamin A and Remodeling Post-Infarction Fig. 1 . Interstitial collagen volume fraction in picrosirius red stained cardiac section -red colour for collagen fibres, yellow for myocytes. C: control infarcted rats; VA: infarcted dietary vitamin A-deficient animals. VA group presented higher collagen percentage than C group (C=2.8 ± 0.9 %, VA=3.7 ± 1.1 %, p=0.05). Data are expressed as mean ± SD. infarction characterised by increased left chamber size, collagen accumulation, and diastolic dysfunction. Therefore, our data strongly suggest that the heart appears to be susceptible functionally to vitamin A insufficiency induced by diminished vitamin A intake and declining tissue vitamin A stores.
Considering the effects of vitamin A-deficient diet, a recent study showed that normal plasma retinol concentration alone is not sufficient to maintain lung vitamin levels when vitamin A intake is low. A diet deficient in Vitamin A may lead to lower delivery of this vitamin to target tissues via chylomicrons [16] . In addition, our group demonstrated that, in adult normal rats, differences in heart retinol levels induced by low intake of vitamin A were associated with physiological differences. Indeed, the tissue vitamin A deficiency induced ventricular remodeling characterized by increased left chamber size and ventricular dysfunction [17] . However, until now, the potential morphological and functional consequences of this event after MI were unknown.
In the present study, an important issue to be considered is related to vitamin A status. Our data showed that both groups had similar normal liver and heart retinol concentration at birth. Thus, this model of vitamin deficient diet did not induce embryonic vitamin A deficiency. Likewise, our protocol did not induce vitamin A deficiency in the rat after birth, since that the restricted group had serum retinol values similar to those of the control group at the moment of MI. On the other hand, a vitamin Adeficient diet results in lower liver and heart vitamin A concentration, despite adequate levels of plasma retinol, a finding that indicates the importance of the dietary vitamin A to provide enough retinol to vitamin A requiring target tissues. Importantly, this insufficiency of tissue vitamin A concentration induced adverse ventricular remodeling after myocardial infarction, characterised by increased left chamber size and mass, collagen accumulation, and diastolic dysfunction.
Regardless of the complexity of the remodeling process, after MI the term is frequently used as a synonym for ventricular dilation [1] [2] [3] . Consequently, our data indicate that a tissue vitamin A insufficiency intensifies this deleterious process after MI. The left ventricular enlargement after MI could be explained by eccentric remodeling due to myocyte hypertrophy and/or myocyte slippage due, in turn, to MMP activation. In our study, hypertrophy was assessed by mass index, left ventricular weight adjusted for body weight, and myocyte cross sectional area. However, the left ventricular weight is not a reliable variable of hypertrophy in this model, due to reabsorption of the necrotic tissue and collagen accumulation in viable myocardium. Likewise, there was no difference between the groups in relation to myocyte cross sectional area. Nonetheless, in this model, we must to consider that myocyte increases preferentially in series. On the other hand, the analyses of variables showed increased mass index induced by cardiac vitamin A deficiency. Therefore, our study suggests the presence of eccentric hypertrophy induced by tissue vitamin A insufficiency.
The myocardial extracellular matrix surrounds and interconnects muscle fibres, cardiac myocytes, and myofibrils. Extracellular matrix degradation by MMP has been associated with slippage of myocyte fascicles and left ventricular wall thinning [32] . Extracellular matrix degradation paralleled by an abnormal collagen accumulation has been reported after MI, where left ventricular enlargement also occurs [32] . Importantly, this abnormal collagen accumulation is associated with myocardial dysfunction, beginning with diastolic dysfunction followed by abnormalities in systolic function [33] [34] [35] . However, in our study, despite left ventricular enlargement, we did not find evidence of MMP-2 and MMP-9 activation in the VA group. Importantly, we cannot comment on the participation of other MMPs in ventricular remodeling induced by tissue vitamin A insufficiency.
In some heart failure models, cytokine production can modulates left ventricular remodeling. Indeed, increased IFN-γ, and mainly TNF-α levels is associated to left ventricular dysfunction, cachexia, activation of fetal genes program, apoptosis, hypertrophy, and fibrosis [36] . However, in this model, the remodeling intensification was not associated to altered IFN-γ and TNF-α levels. Therefore, at this point, our data suggest that other mechanisms not related to IFN-γ and TNF-α stimulation might be involved in this remodeling process. An important issue is that, in normal rats with the same protocol of vitamin A dietetic restriction, tissue vitamin A insufficiency resulted in cardiac remodeling associated with increased levels of cardiac IFN-γ and TNF-α [17] . Therefore, our data suggest that the mechanisms involved in the remodeling process induced by tissue vitamin A insufficiency in normal rats and after MI might be different.
Considering the functional consequences of vitamin A restriction after myocardial infarction in the present study, the morphological alterations induced by the tissue vitamin A insufficiency were associated with diastolic Vitamin A and Remodeling Post-Infarction dysfunction. Although no difference was observed in E/ A ratio, TRIV/RR0,5 was reduced, suggesting a restrictive pattern in the VA group. Therefore, our data suggest that diastolic dysfunction already presented in the MI model, when infarct size is greater than 20%, was intensified by vitamin A-deficient diet. There are some factors influencing ventricular relaxation. Firstly, relaxation is influenced by load. In addition, the cytosolic calcium level must decrease. Furthermore, given the importance of the viscoelastic properties of the myocardium, the collagen amount can influence relaxation. Our study did not analyze cytosolic calcium or load conditions. On the other hand, tissue vitamin A insufficiency was associated with increased collagen amount in the non infracted area. Therefore, our data suggest that, at least in part, the impaired diastolic function in the VA group could be explained by increased fibrosis. Considering the potential mechanisms to explain how cardiac vitamin A insufficiency affects fibrosis, it has been shown that collagen synthesis induced by angiotensin II was inhibited by RA, indicating that RA-mediated signaling is involved in regulating cardiac fibrosis [15] .
Altered expression of contractile proteins can also induce myocardial dysfunction. In adult rats α MHC expression is higher than 90% [37] [38] [39] . A myosin isoform shift from α to β is observed in ventricular remodeling and heart failure [39] . In the present study, there was high βMHC expression in both groups, probably due to MI. However, in this case, the vitamin A-deficient diet did not shift MHC distribution. In accordance with this MHC isoform distribution, systolic function was not different between the groups.
Another important point to be considered is the potential implication of our results. Although vitamin A deficiency is not usual in the adult population, dietetic restriction of vitamin A may represent a relevant issue in several countries. For instance, in Brazil, almost 60% of the population ingests less than half of the amount recommended for vitamin A [40] . Therefore, our results suggest that this phenomenon may be accompanied by both morphological and functional cardiac abnormalities after MI.
In conclusion, a diet deficient in vitamin A is associated with a decreased heart retinol concentration. This alteration causes further ventricular remodeling after myocardial infarction, worsens diastolic function, without shift in myosin heavy chain distribution, IFN-γ and TNF-α stimulation or MMP-2 and MMP-9 activation.
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